Based on our error budget analysis, the urea SCR aftertreatment system is uncontrollable under EPA 2007-emission level without an effective closed-loop control strategy. The objective of the closed-loop control is to improve transient response as well as reduce the steady state control error. But the inherent large dead time in the urea SCR aftertreatment system makes the closed-loop control a challenge. In this paper, an innovative closedloop control architecture is introduced, which combines model-based feedforward control with variable gainscheduling feedback control. Transient response is improved with the inverse-dynamic feedforward control and the variable-gain closed-loop control. The steady-state response is improved with the closed-loop control. Based on this new strategy, a controller is designed and validated under the simulation and test cell environment. Comparison with the baseline open-loop controller is also conducted. Finally, some conclusions are presented.
INTRODUCTION
NOx, NMHC and CO are three major chemicals in the diesel exhaust gas and US EPA currently regulates the first two to protect human health and natural environment. Reducing NOx (NO and NO 2 ) emission in the diesel exhaust gas has become a major challenge over the past decade and will continue to be the major focus in the future due to the continuing stringent emission requirements for the diesel engines. The engine exhaust NOx reduction can be achieved by the combustion optimization or/and the exhaust gas aftertreatment. In reality, the combustion optimization with Exhaust Gas Recirculation (EGR) can only reduce NOx in the exhaust gas to certain level around 1.5 g/bhp-hr effectively. However, the EPA proposed US 2007 heavy-duty diesel emission standard requires the ultra-low 0.2 g/bhp-hr NOx emission, which is a more than 90 % reduction over that by the 2002/2004 standard from EPA. Therefore, the 2007 emission standard can only be achieved with the help of the exhaust gas aftertreatment. The urea SCR (Selective Catalytic Reduction) exhaust aftertreatment technology is one of the major aftertreatment technologies and is deemed to be the most cost-effective by cost analysis in [4] . All the other major alternatives, like the NOx absorber system, the plasma-generating system, have larger drawbacks than the urea SCR system [4] . The urea SCR is a very efficient steady state NOx reduction approach that has been successfully applied to the stationary electrical gen-set powered by the diesel engines with very stringent emission requirements. Recently, Siemens Automotive demonstrated SINOx system that can be applied to the on-road heavy-duty truck. However, the system is basically designed for the heavy-duty trucks to achieve the EPA 2002/2004 and the Euro 4 standard [1] . Hence, the system is open-loop controlled and needs recalibration during its lifetime. In [2] [3] , both the introduced demo systems apply the urea SCR technology alone or combine the urea SCR with the cooled EGR technology. Those systems are all open-loop controlled and can achieve 60-80 % NOx reduction and attained 1.2 to 2.4 g/bhp-hr. The on-road and engine bench tests of all demo systems introduced above show that urea SCR is a viable technology for the truck to effectively reduce the NOx level in the exhaust gas. In this paper, we will present our research work that focused on control aspects, i.e. the urea SCR system controllability and the control performance. This is important because the proposed EPA 2007 emission standard for the heavy-duty engine casts big challenge to not only the catalyst technology but also the system control. Without an effective control strategy, the emission target can not been achieved with adequate accuracy.
The basic chemical reactions inside the NOx reduction process by the urea solution are well known. When mixing with the exhaust gas beyond certain temperature, the urea solution will atomize and dissolve as ammonia (NH 3 ) and carbon dioxide (CO 2 ): Hence, if 1) we know how much NO and NO 2 in the exhaust gas exactly, 2) the catalyst has 100% selectivity and efficiency characteristics, and 3) all the chemical reactions are perfect, then, certain injected urea should reduce all the harmful NOx in the exhaust gas to the harmless gas N 2 and water. It will never happen in this way in the real world. The catalyst can only achieve certain selectivity below 100%, which means we can never achieve 100% NOx reduction. The chemical reaction will not be perfect because of the imperfect mixing, etc. Most importantly, we never know exactly how much NOx in the exhaust gas. It may not be a problem when the emissions target around 2g/bhp-hr or above. But it will be a big deal when the emission target below 1g/bhp-hr. Especially in the on-road applications, such as the heavyduty truck, to decide how much the urea should be injected becomes challenging because of the possible fast transient operating condition switching and the ultralow emission target. The steady state and transient control must be accurate enough to achieve the target and avoid the ammonia (NH 3 By the baseline controller, the urea injection amount is function of the desired NOx reduction quantity without the transient and the steady state error compensation. The controller will not have any stability problem since it is an open-loop controller. However, it shows poor transient performance and possibly large steady state error, which will be demonstrated in this paper. Most importantly, it cannot achieve the 2007 standard based on the error budget analysis in this paper. To improve the transient and steady state performance, a dynamic control strategy is essential. In our research, a feedforward inverse dynamic control strategy is applied to the urea SCR system to improve the transient response and a closedloop feedback control strategy is used to improve the steady state accuracy. The simulation and test results under steady state and transient conditions will be presented in this paper.
SYSTEM AND MODEL
In our research, the model-based control technique is defined as a control strategy that uses the transfer function of the plant model as part of the dynamic controller. Before any controller can be synthesized, a sufficiently simple system model must be built up. The schematic layout of a typical urea SCR aftertreatment system in test cell is shown in Figure 1 , which consists of the urea injection system, the exhaust pipe, the catalyst, the controller, the temperature (at turbo-outlet, catalystinlet and catalyst-outlet) sensors and NOx (at catalystoutlet) sensors:
Figure 1
Further, the urea SCR system can be divided into four major subsystems for modeling. They are the urea injection subsystem, the urea vaporization/atomization and the mixing subsystem, the exhaust pipe subsystem, and the catalyst subsystem shown in Figure 2 . The urea injection subsystem takes desired urea flow command and outputs a commanded pulse frequency or duty-cycle to PWM (Pulse Width Modulation) driver of the urea injection pump. The urea vaporization/atomization subsystem shows the most important dynamics in this system. It is modeled using the so-called wet model that is applied widely for modeling the gasoline vaporization process. The wet model is governed by two sample-based dynamic equations described as follows: is the vaporized urea due to the residual one. A simplified first-order discrete time transfer function derived from above equations is shown below: 
Figure 2
The pipe and catalyst subsystem models are set up based on control point of view. They are divided into four dynamic blocks: the pipe transport delay, the catalyst mixing dynamics, the catalyst efficiency limitation, and the catalyst transport delay as shown in Figure 3 . The entire system model for simulation is set up under the Matlab/Simulink environment and calibrated based on test cell data. The engine-related important variables in system, such as the engine-outlet exhaust flow rate, the engine-outlet exhaust temperature, the engine-outlet NOx concentration, are estimated by the tables generated with test data or by virtual sensors (estimation models or observers).
STEADY STATE ERROR BUDGET ANALYSIS
By analysis, the major steady state control error in the urea SCR exhaust aftertreatment system could result from the errors in following sources:
• Turbo outlet NOx estimation error ( • Exhaust flow rate estimation error ( EFR e ).
ERROR ANALYSIS FOR OPEN-LOOP CONTROL MODE
In the open-loop control mode, the actual NOx reduction is: Under the open-loop control strategy, with negligible urea concentration error, the target NOx error is approximately the sum of the exhaust NOx estimation error and the urea pumping error times the NOx reduction ratio. Hence, with given estimation and pumping error, the higher the NOx reduction ratio, the larger the NOx target error. Table 1 is the open-loop steady state control error computed based on above equations under different NOx reduction target.
Table 1
In the above table, it calculates the steady state NOx reduction error with the open-loop control strategy under 75 % NOx reduction from 8 g/bhp-hr to 2 g/bhp-hr (the 2002/2004 EPA standard) and 90 % reduction from 2 g/bhp-hr to 0.2 g/bhp-hr (the proposed 2007 EPA standard). In diesel engine control, the exhaust flow rate is normally estimated and an error around 5 % is almost the best we can do because of the engine variations, the humidity and altitude variations, etc. At 75 % reduction level, the overall control error is around 20 -30 %. At the 90 % reduction level, the overall control error is beyond 50 %, which could be deemed as uncontrollable. Hence, we conclude that the open-loop control strategy is not a viable strategy for the proposed EPA 2007 NOx emission requirement or beyond.
ERROR ANALYSIS FOR CLOSED-LOOP CONTROL MODE
In the closed-loop control system, if we can measure the feedback signal perfectly, then we might control the system to operate at target exactly. In our design, the controller variable is the catalyst outlet NOx in g/hr and the control target is in g/hr that is converted from g/bhp-hr. We apply the NOx sensor to measure the catalyst outlet NOx concentration in PPM (volume). Then, the NOx PPM is converted to the mass emission rate in g/hr with the mass exhaust flow rate by the following equation: Hence, the steady state error is the sum of the NOx sensor PPM error and the exhaust flow rate estimation error, which is not a function of the NOx reduction rate. Here we assume a well-designed closed-loop control will have negligible steady-state control error due to the control action itself. Therefore, it is generically applicable to any NOx reduction target. Then, the critical factor for the success of closed-loop control is to find a NOx sensor can measure accurately around 20 -40 PPM range for the proposed 2007 standard or beyond. Currently, we can find NOx sensor measure accurately around 200 -400 PPM range for 2 g/bhp-hr NOx with +/-5 % error. Here, we already demonstrate that the closed-loop control is a must for the ultra-low emission requirement based on the error budget analysis and will present a new control architecture for this kind of system in the following sections. We must mention that the desired NOx sensor is not available at 20 -40 PPM level with adequate accuracy for closed-loop control at this time. Hence, we will validate our concept and the design with a prototype system with 2.5 g/bhp-hr NOx target.
CONTROL MODEL
Before we start the control design, the very first thing we need to proceed is to identify the system dynamics and get an approximate system model. The system model introduced in Section 2 is still too complex for control design. Approximate control models at different engine operating conditions (speed & load combination) are fitted using the input/output data from simulation on the system model. In our test system, the model dynamics can be approximately simplified as a variable time delay (from the urea injection point to the catalyst outlet) plus a first-order lead/lag filter with variable coefficients. Here, we must also mention that the different urea injection system and the catalyst could result in different control model structure (dynamics). The control model architecture is shown in Figure 4 . All parameters in the control models are also system dependent. T d is the system dead time caused by the transport time in the piping and the catalyst from the urea injection point to the catalyst outlet. α and β are coefficients of the first-order lead/lag filter, which represent the percentage of the injected urea and the residual urea (resides on the piping wall) that evaporate during each sampling period under the instantaneous operating conditions, respectively. Since the exhaust mass flow and/or the catalyst (exhaust) temperature are related to the engine operating points based on speed and load, the exhaust mass flow rate and/or the catalyst (exhaust) temperature are selected to represent the different operating conditions. Then, T d and β are function of the exhaust flow rate and/or the exhaust temperature. α is set to be either zero (when no emission control is required under low exhaust flow rate) or a constant. The higher the constant value of α is selected, the more conservative the feedforward model-based control would be. The simplified models not only can capture the major dynamics in the system but also ease the complexity of the implementation of the model-based controller.
Figure 4
In the control model, the stoichiametric conversion factor is set to 12 . 31
1
. This is based upon the assumptions: a) a typical NO to NO 2 ratio in the turbo outlet exhaust is 9:1 and the stoichiometric urea requirement per unit NOx mass is 0.67 gram urea per NOx gram; b) in the tests, the urea solution mass concentration is 32 percent and the urea solution density is 1.086 g/cc. Therefore, by simple unit conversion and calculation, 1 cc/min urea solution can eliminate 31.12 g/hr NOx flow by the chemical reaction at steady state.
CONTROLLER ARCHITECTURE
Currently, the map-based open-loop control strategy is applied to most commercial urea SCR deNOx devices. Some of the basic disadvantages for pure open-loop controls are:
• Controllability is bad at both transient and steady state. With a limited number of maps applied, the transient response won't be as good as that with a model-based approach. At steady state, the control error between the catalyst outlet NOx sensor measurement and the target NOx could not be eliminated or contained effectively;
• System calibration could be difficult and timeconsuming because of the large number of maps involved;
• Without self-tuning capability, the map-based openloop control requires periodically recalibration throughout the lifetime of the device, which means higher maintenance cost. A common architecture for the urea SCR aftertreatment control system is shown in Figure 5 , featuring a combination of the feedforward inverse dynamics openloop control and the sensor/virtual sensor feedback closed-loop control.
Figure 5
The system model is simplified as a forward model (a firstorder lead/lag filter in our test system) plus dead time. NOx at the urea injection point is estimated and this may avoid the necessity to include the dead time dynamics in the open-loop control.
As we mentioned before, the difficulty for pure closed-loop control in this kind of aftertreatment systems is its inherent large dead time. We solve that problem and improve controllability of the system by a combination of the feedforward and the feedback control. In the algorithm, a variable gain error correction algorithm with feedback feature on top of the open-loop inverse dynamic feedforward control is designed to further improve transient response and eliminate the steady-state control error or the system parameter uncertainty. When the catalyst outlet NOx is much larger than the NOx target, the urea command portion by the closed-loop control just constitutes a small percentage of the total urea commanded, while the urea portion by the open-loop control constitutes most of the total urea commanded. In this way, we may increase the closed-loop gains to the extent that can eliminate the steady-state error and won't cause total system oscillation or unstable. As the catalyst outlet NOx sensor measurement approaches the target, the closed-loop control gain is increased gradually to hold the system response at the target. At the steady state, the closed-loop portion could generate more output if the system parameters shift because of aging, inaccuracy of estimation, etc. For instance, the urea concentration parameter may change over different temperature and depth in tank, the engine flow rate or the NOx estimation could be inaccurate. Instead of tough effort to generate maps under different conditions or recalibration over time, we simply apply an error correction algorithm to compensation all these errors in the system and control.
To avoid the ammonia slip, the urea flow rate must be restricted by certain urea upper limit calculated by the stoichiametric urea flow (the maximal urea flow allowed into the catalyst decided by the NOx amount in the exhaust gas and the maximal conversion capability by the catalyst) and the system dynamics. If the reference deNOx is increased, due to system's first order dynamics (wall wetting), more urea could be injected than the amount by the static stoichiametric conversion of deNOx to urea. Then, the maximal urea flow w/o ammonia slip will be higher than the steady-state stoichiametric value. This enables the inverse dynamic control to improve the system response time without causing ammonia slip. On the other hand, if the reference deNOx is decreased, due to the residual urea on the piping wall, less urea could be injected than the amount by the stoichiametric conversion of deNOx to urea. Then, the maximal urea flow w/o ammonia slip will be lower than the stoichiametric value. This may improve the system response time and will not cause excessive urea consumption during the transient cycle. The "dynamic maximal urea flow w/o ammonia slip" algorithm is also based on the simplified forward model.
The control architecture introduced in this paper is expected to improve the system controllability, reduce the calibration effort and maintenance cost. Although further improvement may be required concerning accuracy of the NOx sensor measurement at low PPM range, either by the hardware improvement or the robust virtual sensor (i.e. the robust observer), the proposed architecture is validated in the simulations and test cell tests that it is not only feasible but also effective.
CONTROL DESIGN

FEEDFORWARD INVERSE DYNAMICS CONTROL DESIGN
The inverse dynamic control itself is applied to many different systems for a better transient response. Ideally, a perfect inverse dynamic control system may get perfect response, i.e., zero time constant in total system response. In our design, we apply the inverse dynamic control based on a simplified control model. For the engine operating in medium exhaust mass flow and exhaust temperature window above 400 degF, this kind of control can improve the transient response significantly.
The following indices shown in Figure 6 are defined to represent the transient performance.
• Transient Response time: Time span of 90% NOx reduction to target NOx (sec).
• Transient NOx Reduction Error: An integration of NOx amount over the target NOx during transient (g)
Figure 6
In our design, we do not directly inverse the transfer function P(s) of the forward model since it may not be invertable for some models. Rather, the feedforward inverse dynamics control is achieved by the feedback of the forward model. Look at Figure 5, which shows that C(s) is approximately an inverse transfer function of P(s) as long as DC gain of G(s)P(s) is large enough. Hence, the control algorithm can be applied to any control model of urea SCR systems.
FEEDBACK CONTROL DESIGN
The most important function of the feedback control is to eliminate the steady-state error between the catalyst outlet NOx and the target NOx, which is a major difficulty for the 2007 standard and beyond. It may also help improving the transient response. In our design, it is basically a gain-scheduling PI controller. The proportional gain p k and integral gain i k of the feedback PI controller are both function of error between the catalyst outlet NOx and the target NOx, and the engine operating conditions. They are basically handled by multiplication of two portions as follows: 
SIMULATION AND TEST VALIDATION
Several simulation and test validation examples are shown in this section. We look at the step response and the excavator cycle response to demonstrate the advantages of the proposed control strategy over the baseline control for improvement of the transient and steady state response. The catalyst outlet NOx target is set to 2.5 g/bhp-hr because of the NOx reduction capability of currently available catalyst. In the first simulation, a 7 % to 13 % of the urea system over-injection error and a 2 % to 8 % NOx estimation error are assumed in the simulations. The first simulation (Figure 8 ) starts the step urea injection at 30 th second and ends the urea injection at 130 th second. The second simulation (Figure 9 ) is an excavator cycle (emulate working load and engine speed of an excavator) simulation based on the same error presumed in the first one. The advantage is quite obvious in the first simulation with the proposed control strategy over the baseline control. In the second simulation, the real-time result (upper portion of Figure 9 ) is not clear how good the proposed control strategy works. But a 30-second moving average (lower portion of Figure 9 ) clearly shows that the transient response is improved greatly by the new control strategy. Test validation is demonstrated by the step test @ 2000 rpm/ 620 ft-lb (Figure 10 ) and the excavator cycle test (Figure 11 ) in test cell. To demonstrate the effectiveness of the proposed control strategy, a 20 % urea pump injection error is applied. In the step test and the excavator cycle test, there are about 21.6 % and 21.5 % average steady state error percentages with the baseline control, respectively. With the proposed control strategy, the corresponding error percentages are reduced to about 3.54 % and 2.86 %. The test result shows that the proposed control strategy is effective in the real world application. Tests with the baseline and the proposed controllers are also performed under different transient cycle to achieve constant BSNOx target or target map (different target number at different operation conditions). The average values of the turbo outlet NOx, the average target NOx, the actual catalyst outlet NOx and the urea usage are calculated and listed in Table 2 . The results are very favorable to the proposed control strategy in this paper.
Table 2
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